ABSTRACT: The H12700 is a novel 64-channel 52 × 52 mm 2 square Multi-Anode PhotoMultiplier Tube (MaPMT) produced by Hamamatsu. Its characteristics make this device suitable for high energy physics applications, such as in Ring Imaging Cherenkov (RICH) detectors. Hamamatsu provides the H12700 tube with an embedded socket connecting the anodes to the output pins and including an active voltage divider. A second device version, the R12699, is also available and differs from the former by the absence of the socket. This paper describes a complete characterization of both models, starting from the standard operating parameters (single photon spectra, average gain, anode uniformity and dark current value), investigating in detail the cross-talk effect among neighbouring pixels and considering the behaviour in critical environment conditions, such as in presence of a static magnetic field up to 100 Gauss, at different operating temperatures and after long exposure to intense light.
Introduction
The H12700A-03-M64 Multi-Anode PhotoMultiplier Tube is a novel 64-channel, 52 × 52 mm 2 square pixelated device produced by Hamamatsu ( fig.1 ). It consists of a 8×8 pixel matrix (6×6 mm 2 each) able to detect single photons, amplifying the signal through a 10-stage dynode chain. The H12700 MaPMT can be equipped with a borosilicate or UV glass entrance window coupled with a bialkali photocathode so that a spectral response ranging between 300 -650 nm or 185 -650 nm respectively is obtained, with a maximum quantum efficiency of ∼33% 1 at about 350 nm. A socket, provided by Hamamatsu as standard and embedded with the H12700 MaPMT ( fig.2 ), connects the anodes to the output pins and includes the HV divider. Note that all the measurements described below were acquired using such an embedded voltage distribution ratio: 2-1-1-...-1-1-0.5 2 . A second tube version is also available, called R12699-03, which has the same structure as the H12700 except for the absence of the socket. In this case, the output pins are connected directly to the anodes and the HV bias of the dynodes was provided by a custom-made passive voltage divider.
Among the multi-channel photodetectors, the H12700 stands out for its large effective active area 1 (48.5 × 48.5 mm 2 ) while the very small inactive border around the device and the MaPMT square cross-sectional geometry allows for a close packing ratio (∼87% 1 ). These features, together with the nominal low dark counts contribution and the moderate cross-talk between neighbouring pixels, make the H12700 particularly suitable for applications in high energy physics, such as in Ring Imaging Cherenkov detectors (RICH) used for particle identification. A possible application is the upgrade of the LHCb [1] RICH detector [2] . Currently the detector uses hybrid photodetectors (HPDs) equipped with an encapsulated electronics operating at 1 MHz. These must be replaced by photodetectors read-out by an external 40 MHz circuitry [3] , in order to allow the detector to run at a luminosity up to ten times higher than the current value. The baseline tube chosen for the upgraded LHCb RICH detector [4] is the R11265 MaPMT [5] which ensures an excellent spatial resolution thanks to the small pixel size (2.9×2.9 mm 2 ). Nevertheless, in the peripheral areas of the LHCb RICH-2 detector the spatial resolution is mainly limited by the chromatic dispersion of the refractive index of the Cherenkov medium (CF 4 ), by the uncertainties affecting the reconstructed track position from which the photons are emitted and by the aberration of the focusing mirrors [2] . In those areas, devices with larger granularity such as the H12700 can be used without affecting the overall PID performance of the system. This choice reduces the number of devices and channels with a consequent lower cost.
mm
Five devices have been tested so far (three H12700 and two R12699 MaPMTs), each equipped with a UV glass entrance window and bialkali photocathode and the outcomes are presented in this paper. In section 2 the studies of gain variation, anode uniformity, dark current and pixel collection efficiency are presented. The cross-talk signal induced between neighbouring pixels was investigated in depth and the results are presented in section 3. Section 4 describes the characterization of the tube in the critical environment conditions expected in high energy physics applications such as the temperature dependence of gain and noise, the deterioration of the photodetector performance due to an external static magnetic field and the gain variation caused by the device aging after a long period of intense light exposure.
Standard characterization
This section is devoted to the measurements of the basic parameters characterizing the operation of the H12700 and R12699 MaPMTs in single photon detection regime. The following results were achieved by illuminating uniformly the device under test with a commercial blue LED biased with a very small current so that it produced only few tens of photons per second. A photon reaching the photocathode and converted into one photoelectron via photoelectric effect starts the 10-stages multiplication process on the dynodes so that a final charge of the order of few Me − is collected at the anode. This signal is integrated by a charge sensitive preamplifier (standard current integrator circuit based on an AD9631 voltage feedback operational amplifier, by Analog Devices) producing an output voltage signal proportional to the total input charge, recorded by a CAEN Desktop Digitizer DT5720 3 . Unless otherwise noted, the tests were performed at room temperature and biasing the device at HV=1050 V using the voltage divider recommended by Hamamatsu (voltage ratio distribution: 2-1-1-...-1-1-0.5). In fig.3 the superposition of typical single photon spectra from different pixels of a H12700 MaPMT (serial code: ZB0030) are shown. All the pixels, except pixel 57 4 (see fig.5 ), are able to detect single photon signals with the single photon peak well resolved with respect to the pedestal. The low amplitude peaks just above the pedestal (centered at ∼ 20% with respect to the single photon peak position) could be interpreted as a non ideal electron paths along the multiplication chain, such as photoelectrons skipping the first dynode, or photons that are converted into electrons at the first dynode stage. As will be described in section 4, this peak becomes higher in the presence of an external magnetic field which affects the ideal trajectory of the secondary electrons moving from one dynode to the next. The anode uniformity can be estimated from fig.3 as the ratio between the single photon peak position in each pixel with respect to the pixel with the maximum gain. The typical gain spread among pixels amounts to a factor 2-2.5 at most, in agreement with the uniformity tables provided by Hamamatsu. At 1050 V, the H12700 under investigation provides a typical gain of ∼ 3.5 Me − /photon. Similar gains and spreads were observed also in the other tested devices.
By measuring the single photon peak position at different biasing voltages, it is possible to determine how the gain of the photodetector scales as a function of the HV. Figure 4 shows the increase of the gain with respect to the HV value ranging from 900 V to 1100 V for several pixels of the four MAPMTs. It is observed that the gain at HV=1100 V is ∼3.5-4 times larger than that at 900 V. These scaling values do not depend on the MaPMT model or on the pixel absolute gain, as expected.
The dark current, i.e. the charge collected at the anodes due to spurious electron emission from the photocathode or the dynodes, represents an important figure of merit of the MaPMT. The dark current is usually quoted as the overall DC anode current measured keeping the MaPMT in the dark. For the studied MaPMTs the dark current at room temperature ranges from ∼ 0.5 nA to ∼ 3.5 nA, values lower than the typical value declared by the manufacturer (6 nA). In case were the photodetector used in applications which require single photon sensitivity in all the pixels, it is interesting to measure the rate of spurious counts triggered in each channel above a defined threshold. Thus, the MaPMT dark current was also measured at room temperature by recording the rate of events with an amplitude larger than 1 Me − (average position of the valley between the pedestal and the single photon peak, as visible in the spectra in fig.3 ). Figure 5 shows the dark event rate measured for all the pixels of a tested device. The dark event rate turned out to be really low (≤ 15 Hz per pixel or, equivalently, ≤ 40 Hz/cm 2 ) for most of the pixels. Few of them have a larger dark current (up to several tens of Hz) and pixel 57 is the only one with an extremely high dark event rate (∼ 1.4 kHz). 
Cross-talk and charge sharing
A photon hitting a pixel induces a signal in the neighbouring pixels so that they could trigger an event despite being in the dark. This undesired effect is called cross-talk and is caused by different mechanisms, as schematically represented in fig.6 .
A first cross-talk contribution (CT bias ) is due to the signal injected through the voltage divider biasing the dynodes unless properly filtered. A second contribution comes from the stray capacitance between neighbouring pixels which results in an AC coupling between the anode pins. This contribution (CT coupling ) causes not only spurious signals, but it also reduces the single photon signal amplitude at high frequency, as part of the charge deviates from the original path. Note that, in addition to the intrinsic contribution of the photodetector, the CT coupling also depends on the possible stray couplings between the electrical paths driving the signal from the input nodes to the read-out electronics. This suggests that not only particular care must be applied in the design and layout of the front-end circuit, but also that the socket embedded with the H12700 MaPMT could introduce an additional contribution, as it will be shown later. The waveform of the signals due to CT bias and CT coupling is expected to have a bipolar shape. Furthermore, the charge sharing can be considered as a cross-talk source (CT sharing ), since it causes effects similar to CT coupling , but with a different signal shape. The charge sharing is a statistical process which takes place whenever an electron deviates from its path during multiplication, starting a new avalanche in the neigbouring channel. Note that CT sharing gives a negligible contribution unless it starts from the first dynode stages; if the charges are shared only at the the first dynode, then the amplitude of the induced signal is expected to be independent of the gain of the reference pixel. Otherwise, if the charge sharing occurs at few initial dynodes, then the amplitude of the induced signal is proportional to the gain of the inducing pixel. Anyway, what matters for our investigations is that, differently to the previous contributions, the signals due to CT sharing have the same shape as the main signal, so that they can be discriminated from that due to CT coupling .
The cross-talk effect is estimated by measuring the cross-talk ratio distribution. The cross-talk ratio is the cross-talk signal amplitude divided by the corresponding source signal amplitude, both calculated as the difference between the maximum of each signal and its baseline. Since, independently on the sources, the cross-talk signal amplitude is expected to be proportional to the inducing signal amplitude, this distribution should exhibit peaks centered on the values characteristic of the cross-talk source. These measurements were performed illuminating the whole MaPMT with a blue LED operating in single photon regime and acquiring a cluster of four contiguous pixels simultaneously. The cross-talk signals were discriminated off-line considering the coincidences with single photons hitting the adjacent pixel with signal amplitude larger than 100 ke − . A pulse shape analysis is also performed in order to discriminate between unipolar (CT sharing contribution) and bipolar (CT bias and CT coupling contributions) signals. Note that the front-end preamplifier was kept as close as possible to the device under test (pins connected with ≤ 10 cm widely separated unshielded copper wires), minimizing the loss of the signals on the stray capacitance of the wires connecting the anodes and the read-out system. In the following, a pair of side-by-side pixels is defined as horizontally oriented if the numbers of the pixels are consecutive (see fig.6 ) and consequently comes the definition of vertically oriented pixels. Figure 7 shows the cross-talk ratio distribution measured by illuminating pixel 16 with single photons and acquiring the induced signals on pixels 8 (a, vertical direction) and 15 (b, horizontal direction). In fig.7 .a, an asymmetric peak centered at ∼1.3% and extending up to ∼3% is visible on pixel 8. The behaviour is different for the induced signal on pixel 15 ( fig.7 .b, horizontal direction). In the horizontal direction, two peaks are clearly resolved, one located at around 3% and a second peak at about 7%. The signals which populate the two regions have different waveforms, as shown in fig.8 . The waveforms of the ∼ 3% cross-talk events ( fig.7 .a) have a bipolar shape, while the ones corresponding to ∼ 7% cross-talk events ( fig.7 .b) have a single polarity since they always stay above the baseline level 5 . The typical cross-talk waveforms acquired on pixel 15 induced by a single photon event occurred on the adjacent pixel 16 (horizontal direction). On (a), the typical bipolar shape of the ∼ 3% cross-talk events. On (b), the single polarity cross-talk signal. Note that the main signal (black line) and the cross-talk (blue line) are plotted in two different scales.
Another interesting aspect found in these tests is that both cross-talk behaviours coexist for all amplitudes of the main signal, as shown in fig.9 , where the cross-talk amplitude on pixel 15 is plotted as a function of the single photon signal amplitude on pixel 16. Two different linear trends can be seen, with a slope equal to ∼ 3% and ∼ 7% respectively. Both lines span from reference signal amplitude of about ∼100 ke − to several Me − . Hence, independently of the main signal amplitude, both high-level and low-level cross-talk events are present. Figure 10 shows the single photon spectrum acquired on the reference pixel 16 over a threshold of 1 Me − . The probability that these events could induce cross-talk signals larger than 100 ke − in the neighbouring pixels is quoted (in percentage unit) in the table shown in the top-right corner. As it can be observed, the probability of inducing cross-talk signal over threshold is of the order of ∼ 10% along the vertical direction (pixels 8 and 24) where the CT coupling contribution dominates. Such value is compatible to the one obtained assuming that the mean amplitude of the cross-talk signals due to CT coupling is ∼ 2% of the inducing signal amplitude. In this case, only events larger than 5 Me − (orange area in fig.10 ) induce cross-talk over a 100 ke − threshold. The same mechanism causes few induced pulses also along diagonal direction (pixels 7 and 23), even if they occur with a much lower probability. On the other hand, the CT sharing contribution is responsible of larger cross-talk signals. Assuming that the average cross-talk amplitude ratio on the horizontal direction amounts to ∼ 5%, then 2 Me − collected at the pixel 16 anode are enough to induce cross-talk over the selected threshold on pixel 15 (ocher area in fig.10 ). This estimation is compatible to the observed probability (∼ 65%) that single photon signals larger than 1 Me − on pixel 16 cause cross-talk 100 ke − threshold on pixel 15. In summary, the cross-talk results indicate an unexpected asymmetry between contiguous pixels located on rows or columns. Illuminating with single photons a pixel used as reference, the neighbouring pixels along the vertical direction show a cross-talk dominated by CT bias and CT coupling contributions, with an amplitude distribution centered at ∼ 1.3% − 3%. Also along the diagonal direction a small coupling between neighbouring pixels is expected. However this turned out to be a negligible effect.
The cross-talk level between horizontally contiguous pixels deserves more attention. In addition to the previous behaviour, a second gaussian-like peak centered at ∼ 4 − 7% is visible in the cross-talk amplitude distribution. These two peaks are the result of the combination of the CT coupling and CT sharing contributions. Similar outcomes were observed in all the tested pixels of two devices for each MaPMT type (H12700, serial codes: ZB0030 and ZB0042; R12699, serial codes: HA0015 and HA0016). While the double peak structure in the cross-talk ratio distribution was systematically observed along the horizontal direction, the peaks heights differ between pixel pairs and, in first approximation, the probability of charge sharing events ranges from ∼ 25% up to ∼ 50%. This value strongly depends on the position where the inducing photon hits the reference pixel.
As described above, the uniformity of response of the pixel was studied dividing the pixel area in a 3 × 3 matrix of ∼ 1.5 × 1.5 mm 2 regions using a mask. Each region can be individually illuminated by means of a 1 mm diameter optical fiber fastened to the mask. For example, using pixel 43 as reference, the cross-talk signal is acquired on both horizontal (pixel 42) and vertical (pixel 35) directions. Figure 11 shows the obtained results. Along the horizontal direction, two peaks are clearly resolved if the photon hits the A-areas, located at 0.75 mm from the borderline between pixel 43 and 42. In agreement with the previous measurements, the low-level and highlevel cross-talk peaks are populated by bipolar (star marker in fig.11 ) and unipolar (circular marker) shaped signals respectively. In this case, about ∼ 60−70% of single photons induce charge sharing. On the other hand, if the photon hits the B-areas (2.25 mm away from the borderline), a negligible charge sharing is observed since the cross-talk amplitude distribution results in a single low-level gaussian peak.
In first approximation, assuming the probability of inducing charge sharing to be 65% in the first 2.25 mm from the borderline (∼ 37% of the whole pixel area) and negligible in the other regions of the pixel, ∼ 24% of photons would cause charge sharing in the horizontal direction. This coarse estimation is consistent with the results previously shown.
Similar considerations can be made in the vertical direction (pixel 35). In this case, the two peaks are not well-separated and the charge sharing due to photons hitting the 1-column only causes an asymmetric tail ranging from ∼ 1%. to ∼ 3%. In case of uniform illumination in the pixels, the CT coupling dominates the cross-talk amplitude distribution.
As mentioned above, the stray capacitance of the electrical links driving the signal from the anodes to the read-out electronics has to be minimized as it contributes to the CT coupling effect. In this regard, the socket embedded in the H12700 MaPMT could also add a non-negligible effect. In order to highlight this contribution, pixel 15 of a tube (serial code: ZB0042) was uniformly illuminated and the cross-talk ratio distribution was acquired in the neighbouring pixels with the usual setup. The obtained results are shown in fig.12 .
While the lower amplitude peak of pixel 7, 14 and 23 are centered at ∼ 1%, higher values (∼ 3%) are observed in pixels 8 and 16, located close to the biasing high voltage pins. Later, the socket equipping the device was unsoldered and the measurements were performed on the same pixels keeping unchanged the setup. This second cross-talk amplitude distribution is reported in fig.13 . It can be observed that the distributions of the pixels not contiguous to the biasing pins remains almost unchanged. Moreover, the lower amplitude peak of pixels 8 and 16 are now centered at ∼ 1.5%, similar to all the other tested pixels. This suggests that the socket standardly provided by Hamamatsu is responsible of an extra capacitive coupling to the biasing nodes which doubles the bipolar shaped cross-talk signal amplitude of the pixels located near those pins. Besides cross-talk, there is another known mechanism that could induce spurious signals in photomultipliers, by generating delayed afterpulses following the main signal. According to [6] , MaPMTs can be affected by two types of afterpulses. The first occurs due to the elastic scattering electrons produced at the first dynode which cause small amplitude signals following the main one with a very short delay (several nanoseconds to several tens of nanoseconds). In our measurements, the anode current is integrated with a time constant of the same order and an acquisition window which lasts ∼ 500 ns per signal (see fig.8 ). Therefore, this class of afterpulses is triggered together with the corresponding main signal without significantly affecting the amplitude of the signal of interest, causing marginal effects. A second category of afterpulses is due to ion feedback which induces high amplitude signals delayed by several hundreds of nanoseconds to over a few microseconds. This kind of afterpulses is expected to be larger than single photon signals so that these two contributions can be easily separated. We treated them similar to high amplitude dark events, since we were not able to discriminate these two effects. Although our setup (based on single photons emitted at random by a DC-biased LED) is not able to quantify the afterpulse probability for the present device, it is expected to be below 5% for a PMT with a good quality vacuum, as explained in [7] .
Behaviour in critical environment condition
As mentioned, the features of the H12700 and the R12699 MaPMTs make them tailored for an application in high energy physics, such as in the Ring Imaging Cherenkov (RICH) detectors. The magnetic field usually present in these detectors could significantly affect the photodetector performance making it important to characterize the tubes with respect to this critical environment. In addition to that, the MaPMTs are sensitive to the operating temperature which can alter the gain and cause a dark current increase. In the case of LHCb RICH upgrade, the photosensor is expected to withstand the intense illumination of up to ∼ 10 6 photons per pixel per second in the most illuminated detector areas. In the next paragraphs, the investigations about the behaviour of the H12700 and R12699 MaPMTs as a function of a longitudinal magnetic field up to 100 G (sect. 4.1), different operating temperatures (sect. 4.2) and after a long period of light illumination (sect. 4.3) are presented.
Behaviour in magnetic field
In principle the performance of a photomultiplier tube is affected by an external magnetic field since it might induce some electrons changing their trajectory starting from the photocathode. According to the results already obtained studying the R7600 [8] and the R11265 [5] MaPMTs, the main effects are caused by a longitudinal magnetic field (parallel to the tube axis and perpendicular to the photocathode surface). In a very conservative approach, the tube performance was tested under the action of a magnetic field up to 100 G produced by a solenoid. As usual, the single photons were produced using a commercial blue LED and the output signals were amplified with a charge sensitive preamplifier and acquired by a CAEN Desktop Digitizer. Figure 14 shows the single photon spectra observed on various pixels at different magnetic field intensities.
The central pixel 35 is quite insensitive to the external magnetic field since significant degradation of the spectra is visible only for fields higher than 25 G. Defining the efficiency ε as the number of events with an amplitude larger than 1 Me − divided by the one triggered above the same threshold without the magnetic field, the loss of efficiency at 25 G is almost negligible (∼ 3%). On the contrary, the pixels located in the peripheral area of the photon detector and near the HV pins turned out to be more sensitive. As fig.14 shows, the loss of efficiency at 25 G measured on pixel 63 is more than 10%. An even more critical behaviour is visible in pixels 1 to 8. In this case, the loss of efficiency rises to 20-25% at 25 G. The number of events in the single photon peak decreases significantly even for weaker fields.
As expected, the events affected by a non-ideal electron path along the multiplication chain happen more frequently if an external magnetic field is applied. This effect is clearly visible from the number of events at ∼ 0.7 Me − , which increases with the field intensity.
In order to recover the nominal performance of these peripheral pixels, the photodetector was wrapped in a high magnetic permeability material to absorb the field. In particular, the performance of the H12700 was studied in presence of a longitudinal magnetic field up to 100 G while shielding the device with one layer of Skudotech 6 (∼ 200 µm thick, nominal maximum magnetic permeability larger than 10 5 , produced by SELITE. Skudotech has magnetic perfomances very close to those of MUMETAL, but is much more malleable) wrapping the MaPMT lateral surface.
The shield protrudes by 1 cm from the photocathode surface, while the anode pins were kept uncovered. Figure 15 shows the results of these measurements for two of the most sensitive pixels. It can be noticed that the efficiency is almost fully recovered at moderate magnetic field intensities (≤ 25 G), and the loss of efficiencies reduces at most to ∼ 5%. Also the spectrum distortions previously observed (see fig.14 ) are recovered if a magnetic shield is used. In presence of fields larger than 25 G, a single Skudotech layer saturates and loses its efficiency.
Temperature dependence
The behaviour of the MaPMTs under investigation was studied with respect to the effects of a temperature variation. Indeed, increasing the operating temperature, the MaPMT gain decrease while spurious dark counts get more frequent. The setup to perform these measurements was the following: the MaPMT and the read-out electronic circuitries were put in a climatic chamber (Votsch VC 4018) operating at a temperature ranging from 10 • C to 50 • C. The behaviour of the electronic read-out chain as a function of the temperature was previously characterized so that its contribution could be subtracted from the one of the photodetector. The single photon signal was provided by a commercial blue LED located outside of the climatic chamber and operating at constant temperature. Figure 16 shows the superposition of single photon spectra acquired in the same pixel at different temperature. As it can be estimated from the single photon peak position, the gain reduces with increasing the temperature. This behaviour is well known and studied ( [9] , [10] , [11] ) and has also been observed in the R11265 tubes ( [5] ). It can be explained as follows: the energy of any electron during the multiplication chain does not change with temperature as it is determined only by the electric field between dynodes. Thus, keeping the biasing voltage constant, the electrons hit a certain dynode with similar energies and predominantly interact with it by electron-electron interactions. The amount of charges released by these interactions does not depend on temperature but mainly on the energy of the primary electron. The secondary electrons generated have a low kinetic energy so that they manly interact with phonons. This interaction has a strong temperature dependence so that the mean free path of electrons inside the dynode decreases with increasing temperature. Therefore, although a fixed amount of free charges is generated, a smaller number of electrons is able to escape from the dynode surface and take part in following multiplication steps. The global result is that the mean number of secondary electrons emitted from each dynode reduces, with a consequent gain decrease. From fig.16 it is possible to estimate that the gain re-duction as a function of the temperature is quite linear in the range of interest and the characteristic slope amounts to about -10 ke − / • C or 0.25 %/ • C. Another parameter that strongly depends on temperature is the dark current. Indeed, the rate of noise signals increases greatly with temperature as shown in fig.17 where dark counts spectra acquired at different temperature are superimposed with a logarithmic scale. The reason of this phenomenon is that, increasing the temperature, the number of electrons which have enough thermal energy to escape from the dynodes or the photocathode surface and generate a multiplication process increases. In particular, the dark counts rate at 50 • C above 1 Me − is more than an order of magnitude larger than that at 10 • C.
Aging Test
Long periods of light exposure cause MaPMT aging and will therefore deteriorate the device's initial performance. This critical condition is common in high energy physics applications where the device must withstand extremely high photon rates for thousands of hours. Typical effects due to the aging of the device are the reduction of the photocathode efficiency, the dark count rate increase and the variation of the gain of the tube. From the experience gained during the characterization of the R11265-103-M64 MaPMT [5] , the most critical effect due to the aging is the gain loss caused by the deterioration of the dynodes which change the mean number of secondary electrons emitted.
In order to make a quantitative estimation of how much the gain is affected by aging, a fully automatic system was set up to age a H12700 and a R12699 MaPMTs. A commercial blue LED illuminated the device under test, causing a stable aging current. Periodically, the LED biasing voltage was turned down so that it operated in single photon regime. The single photon signals from the tested pixels were amplified by charge sensitive amplifiers and acquired with three DT5720 Desktop Digitizers (CAEN). The gain loss was evaluated by measuring the single photon peak position over several thousand hours of effective LED illumination. A slow control system continuously monitored the DC aging current in all the device and ensured the temperature stability by adjusting the heat injected by four power resistors. This prevents the temperature variation to affect the gain of the photosensor during the measurement. Further details on the setup conditions and the analysis can be found in [5] . As mentioned above, two MaPMTs have been tested (one H12700, serial code: ZB0030, and one R12699, serial code: HA0016) and the gain variation as a function of the effective LED illumination period are shown in fig.18 and fig.19 . The gain loss is calculated as the percentage variation of the single photon peak position with respect to the value measured at the beginning in each pixel, after keeping the device in the dark for 24 hours and illuminating it for one hour.
Referring to fig.18 , the illumination level was set in order to induce an initial integrated current over the anodes of 94 µA, similar to the maximum value sustainable by the tube according to the manufacturer specifications (100 µA). Such an intense illumination, roughly equivalent to a single photon rate of few MHz per pixel, was chosen because it is similar to the current value standardly used in this test by the manufacturer. All channels are observed to have a similar trend and the gain loss after 3500 hours ranges from ∼ 13% down to ∼ 20%. The slope of the curves gradually decreases with the LED illumination period and becomes almost flat above ∼ 2800 hours. In particular, the gain loss in the last ∼ 700 hours of LED illumination is of the order of 1% and comparable with the measurement uncertainties. In this plateau region the performance of the photodetector can be assumed stable. Figure 19 shows the result of the same measurement performed on the R12699 MaPMT, serial code HA0016. The device was biased at HV= 900 V with a consequent reduction of the initial anode current to ∼ 40 µA. The absolute gain variation decreases with respect to the one observed in the former tube. This suggests that the gain variation is related to the integrated DC current which is responsible of the deterioration of the dynodes and depends on the illumination level and the average gain of the device.
What stands out comparing the two measurements is that the two photodectors show opposite trends. Indeed, the gain of all the observed pixels of fig.19 increases with the illumination period in contrast with what observed in the other device ( fig.18 ). This strange behaviour was already exhibited by some R11265 samples, as presented in [12] . Hamamatsu ascribes this to the spread of the thickness of the Cesium layer grown on the dynode surfaces [13] .
According to our observations, the absolute gain variation amounts at worst to | ∆G | 20% after 3000 hours of high intense illumination (equivalent single photon rate of few MHz per pixel). Finally, note that, as the device reaches gain stability, its overall variation can be compensated by adjusting the high voltage biasing the MaPMT, as shown in [5] .
Conclusions
The H12700 multi-anode photomultiplier tube has been fully characterized. It is a 64-channel square photodetector produced by Hamamatsu which is sensitive to single photon signals. Five devices have been tested, half equipped with a socket provided by the manufacturer (H12700) and half without it (R12699). The photodetector proves its capability to detect single photons with a typical gain of several Me − /photon at HV= 1 kV, with an uniformity factor of ∼2-3 and an extremely low dark current (≤ 40 Hz/cm 2 at room temperature above 1 Me − ). The cross-talk was investigated in depth: the worst case condition tuned out to be due to the charge sharing among neigbouring pixels, which causes signals with an amplitude up to ∼ 7% of the inducing single photon signal. The R12699 MaPMT significantly reduces the coupling between pixels located near the HV pins, thus decreasing the cross-talk. The features of these devices make them suitable for an application in high energy physics, such as in RICH detectors. The photodetectors performance have been studied with respect to a longitudinal magnetic field up to 100 G, typical of such environments: the most critical pixels are those in the outer regions, but their proper operation can be recovered using local high magnetic permeability shields. Ranging from 10 • C to 50 • C, the gain of the device linearly decreases by 0.25 %/ • C and the dark counts rate increases by a factor 10 in this temperature range. The gain variation due to the device aging was also characterized on two tubes. Although it is hard to define a typical behaviour since the gain may show both a positive or a negative variation, similar trends would be expected for devices of the same production batch. After 3000 hours of intense illumination, the gain variation amounts to | ∆G | 20% and could be compensated by adjusting the biasing voltage as the device reaches the gain stability.
